Abstract. This paper is a detailed study of remote sensing data from the total ozone mapping spec- 
Introduction
Satellite sensors are now the only consistently available tools to synoptically and comprehensively measure volcanic eruption clouds, which are an important natural hazard to aircraft [Casadevail, 1994 ] and which host important chemical reactions, leading to the formation of atmospheric sulfate aerosols [Self et al., 1981 ; Rose and Chesner, 1987; Pinto et al., 1989; Tabazadeh and Turco, 1993] . Data from the total ozone mapping spectrometer (TOMS) are used to calculate the mass of SO2 in volcanic clouds for several days to weeks after eruption , while the advanced very high resolution radiometer (AVHRR) and GOES-8 and GOES-9 can detect and measure the sizes and masses of ash particles in volcanic clouds for similar, although shorter periods [Wen and Rose, 1994; Schneider et al., 1995; Rose and Schneider, 1996] . Although data from both TOMS and AVHRR have been available since about 1981, to date most studies have focused on only one sensor. However, combined use of these sensors allows for evaluation of some possible reactions in volcanic clouds . In this paper we present a comprehensive application of comparative TOMS and AVHRR data by applying them to the lNow at Raytheon STX, U.S. Geological Survey, Alaska Volcano Observatory, Anchorage. Comparison of 10 AVHRR images and five TOMS images are presented in this paper (Table 1) Table 2 ). These events together were observed and mapped using geostationary satellite data [Matson, 1984] , and the stratospheric cloud was tracked for 3 weeks using both visible and thermal infrared bands of the GOES-E, GOES-W, and NOAA 7 satellites [Robock and Matson, 1983] . The B and C eruptions together injected an estimated 7.0 (+ 2.1) x 10 9 kg of SO2 [Bluth et al., 1992] 
Cloud Height and Trajectory Estimates
In the tropics north of the equator in the spring winds are typically westerly in the troposphere and easterly in the stratosphere.
Because it seemed that the detected volcanic clouds would reflect differences in winds at different levels, we needed to verify this condition, at least qualitatively. Although 1982 National Meteorological Center (NMC) wind field data is rather poor for the tropics, we nonetheless applied the trajectory model described by Schoeberl et al. [1992] . In this model, parcels are advected by winds derived from the NMC's balanced wind equation and interpolated to isentropic (constant potential temperature) surfaces. The winds at a given time are interpolated from the previous and subsequent data sets, which are available every 12 hours (0000 and 1200 UT). The range of potential temperature surfaces, corresponding to altitudes from about 12 to 30 km, is shown in Figure  1 
TOMS and AVHRR Observations
The first AVHRR images of the volcanic ash cloud from the B eruption are shown in Plate 1 a as a composite of images collected at 0805 and 0945 UT (0205 and 0345 local time), approximately 6.5 to 8 hours after the start, and 2.5 to 4 hours after the end of the B event. Although several previous researchers [e.g., Matson, 1984] have shown that the volcanic ash cloud dispersed in two main directions, east-northeast (ENE) and west-southwest (WSW), the AVHRR retrievals show that the main mass of finegrained (1-10 gm radius) silicate ash was transported ENE of the vent, with lesser amounts moving WSW. The region of the cloud with the highest retrieved mass correlates to the area with the thickest tephra fallout on the ground: however, this is coincidental, reflecting the rapid fallout (within 4-8 hours from the onset of B) of the bulk of the E1 Chich6n ash toward the ENE. AVHRR detects ash which is fine-grained, and therefore did not fall out quickly to become incorporated in the tephra deposits, and the image (Plate 1 a) maps fine ash (1-10 gm in radius) which was still at elevated altitude. The mass of fine ash in an opaque region of the cloud (extending eastward from the vent to the Guatemala border) could not be determined due to its high optical depth, but this is likely the region with the greatest mass. The mass retrieved (Table 3) ations in the retrieved mass due to an inhomogeneous background are scene specific, but generally range from 10 to 35%. The sensitivity increases as the cloud ages, and the optical depth decreases. In one case (April 5 at 2045 UT), the volcanic cloud was retrieved in two parts, the portions underlain by water and by land, to incorporate the effects of Ts differences.
7. Discussion
SO2 Mass Determinations
One of the difficulties in interpreting TOMS imagery is that a cloud is only imaged once per day, and it is sometimes hard to relate cloud features to specific eruptive activity. Combined use of TOMS and AVHRR data allows for a more complete observation and analysis of eruptive activity than could be accomplished using a single sensor. The April 5 and 6 TOMS images (Plates le and lg) show three distinct regions of high SO2, which could not be distinguished in the image collected on April 4 (Plate lb).
One interpretation is that the B eruption produced the SO2 observed in region 1, the C eruption produced the SO2 observed in region 2, and that emissions following the C eruption produced the SO2 observed in region 3. However, the SO2 observed in region 3 on April 5 accounts for the 60% increase in detected SO2 from April 4 to April 5, and it seems unlikely that emissions following C could inject that much SO2 to stratospheric heights.
An alternate interpretation is that the SO2 observed in region 1 was emitted at the start of the B eruption, that the SO2 observed in We speculate that the increase in the mass of detected SO2 from April 4 to April 5 was due in part to the timing of the April 4 TOMS image, which was collected near the end of the C eruption but did not measure a peak mass. Another possibility is that the TOMS algorithm underestimates the amount of SO2 in clouds with very high concentrations. Ash in volcanic clouds causes an overestimate of SO2 , so ash in the cloud would tend to mitigate any underestimate due to high SO2. Luhr [1990] suggested that a majority of the S released from E1 Chich6n could have been H2S, rather than SO2. It seems unlikely that the mass increase was due to the emission of significant amounts of H2S AVIIRR Volcanic Ash Retrieval (kg/km 2) Time ( We speculate that the hypothesis applied to Pinatubo involving a separate vapor phase of SO2 [Gerlach et al., 1996] could be a factor in enhancing separation of E1 Chich6n eruptions B and C, because the ash-poor, SO2-rich phase might escape first and perhaps rise higher in the early part of each eruption. We have no way to prove such a process with our data, but our data are consistent with it.
Retrievals of mass of fine ash using AVHRR
The ash detection method used here differs from the one employed by Robock and Matson [1983] even though both are based on data from weather satellites. They looked at scattering of the visible wavelengths and most likely detected smaller (<1 gin) particles, perhaps including sulfate aerosols, while the thermal infrared band subtraction method we employ is most sensitive to ash and sulfate particles between 1 and 10 gm in radius. Although, theoretically, the technique we employ cannot uniquely distinguish silicate ash from sulfate aerosol [Prata, 1989; Wen and Rose, 1994] , there is strong evidence that the cloud detected by the AVHRR was composed primarily of ash.
We considered what type of sulfate particles could produce the observed AVHRR signal if no silicate ash particles were present in the volcanic cloud. A model volcanic cloud retrieval, using the refractive index for a 75% H2504/25% H20 aerosol (rather than andesite), gives a particle mean effective radius of 1.75 gm for the cloud imaged by the AVHRR on April 4 (Plate 1 c), a value which is 1-2 orders of magnitude too large. Hofmann and Rosen [1983] sampled the cloud at 24.5-25.5 km, 45 days after the eruption, and found that the sulfate aerosol had a bimodal particle distribution. Large (>50 gm) particles are the largest (>95%) fraction of the total mass of erupted silicates in eruptions, but these particles fall out very quickly (<5 hours) and none of these is sensed by AVHRR. In order to demonstrate the effects of particle settling on the retrieved mass of volcanic ash, fall times were computed using Stokes' law for a range (0.1-50 gm) of particle radii, and the results are shown in Figure 3 . The gravitational settling velocity of ash particles in a laminar regime (low Reynolds number) is governed by the particle density, size, shape, and local viscosity of the medium (air) [Fuchs, 1989] . We assume the ash to be spherical particles having a specific gravity of 2.6 (dense trachyandesite) and an initial cloud height of 20 km. The local viscosity was determined from a radiosonde temperature profile collected at Veracruz, Mexico (380 km NW of E1Chich6n) on April 5 at 0000 UT. We find the gravitational settling of small particles under 1 gm to be negligible (under 20 m) over the duration of interest (2-3 days). However, the settling is significant for ash particles with radii in the 1-10 gm radius range, the size range that can be detected and retrieved using AVHRR. The greatest decrease in detected mass occurred between the images shown in Plates l d
and If, and we speculate that fallout is an important factor in the mass decrease, rather than just dispersion of the cloud until it was no longer detected. The ash cloud shown in Plate l d, is being sheared at the top, to the SW, by stratospheric winds, and at the bottom, to the NE, by tropospheric winds. However, the ash cloud shown in Plate 1 f, is only being sheared at the top, indicating that masses of ash at lower levels had decreased considerably. Subsequent observations only show shear to the west. Our contention that fallout is a dominant factor in the observed mass decrease is supported by a decrease in the retrieved particle size over time (Figure 4) , which reflects the removal of a coarser size fraction. We speculate that precipitation from the tropospheric volcanic cloud may have been occurring, accelerating particle fallout. Dispersion of the cloud beyond the limit of detection is likely to be a progressively more important factor in the mass trend as the thinning cloud ages, however.
The retrieved mass from AVHRR data is not a good way to estimate the total amounts of missing distal fallout as discussed by many volcanologists [Rose, 1993; Bonadonna et al., 1998 ]. There aided by meteorological precipitation. In addition, the mass of each constituent can decrease due to physical dispersion of the cloud at its edge to levels beneath the detection limit. An important factor in the rapid relative decline of particle mass is the fact that silicate ash was mainly tropospherically dispersed, while SO2 was emplaced in the stratosphere.
Separation of the E! Chich6n Clouds
We interpret the observations of separation described above to be the result of the vertical segregation of SO2 and volcanic ash, possibly due to gravitational processes. Holasek et al. [1996] showed experimentally that sedimentation of ash particles in plumes can produce vertical separation of gas-rich and particlerich portions. In their experiments, the gas-rich portion of the a 3-day period.
plume ascended and the denser, particle-rich portion descended The mass retrievals demonstrate dramatic differences in the res-until it reached its neutral buoyancy height. The presence of the idence times of volcanic ash and sulfur dioxide in the atmosphere strong wind shear during and following the eruption of E1 Chich6n Evidence for separation of ash and gas in several volcanic clouds of Galunggung was noted by Bluth et al. [1994] , and we speculate that it may be common in many eruptions. The presence of a strong wind shear is a primary factor in determining whether the separation will be observed in satellite images. Although a comparison between TOMS and AVHRR of clouds from and the August 1992 eruption of Mount Spurt [Krotkov et al., in press] showed that the gas and ash followed similar trajectories, these clouds were transported mainly in the upper troposphere. Separation is most likely observed if the maximum height of an eruption column reaches a level a few kilometers above the level of the wind shear. For the E1 Chich6n example, the ash from the start of the B eruption was too high for early separation to be observed because the sedimentation in the column occurred in the stable, unsheared stratosphere. However, the majority of the ash from the latter part of B and from the C eruptions only reached a height near, or a few kilometers above, the tropopause. Subsequent sedimentation of the ash through a significant shear allowed for a striking separation to be observed.
The TOMS and AVHRR observations described above provide new insights into the balloon-borne sampling of the E1 Chich6n aerosol conducted by Hofinann and Rosen [1983] in the months following the eruption. They found two distinct sulfate aerosol layers, centered at 25 km and 18 km, separated by a clean region, a nonvolatile layer (presumably ash) at approximately 16 km. Moreover they report that the layer at 25 km was more sulfur-rich (-80% ['J2SO4 solution) than the layer at 18 km (-60-65% H2SO4 solution). They proposed that the higher layer may have been produced by the C eruption, while the layers at 18 km and 16 km may have been produced by the A-1 and (or) the B eruption(s). Although the observations presented in this paper support the hypothesis of Hofmann and Rosen that the aerosol layers were produced by two different eruptions, we believe that the majority of SO2 from both the B and C eruptions was emplaced at 22-23 km, and that ash from both of these events produced the nonvolatile layer observed at 16 km. We note also that the 1980 Mount St. Helens eruption column was stratospheric in height, but most of its dispersal was in the troposphere 
